Sepsis is an unusual systemic reaction to what is sometimes an otherwise ordinary infection, and it probably represents a pattern of response by the immune system to injury. A hyperinflammatory response is followed by an immunosuppressive phase during which multiple organ dysfunction is present and the patient is susceptible to nosocomial infection.
Introduction
Sepsis is an unusual systemic reaction to what is sometimes an otherwise ordinary infection. Recognized since ancient times as a deadly menace, sepsis is still a potentially lethal complication. Over the past decade, many hospitals have begun to adopt recommendations of the Surviving Sepsis Campaign for the management of septic patients, and they have seen mortality rates decline from approximately 37% to 30% 1 . However, this is still unacceptably high. The incidence of sepsis in hospitalized patients has almost doubled during the same period of time 2 and sepsis is now also frequently recognized in outpatients seeking attention in the Emergency Department (ED), especially for upper respiratory complaints 3 . Because the elderly are at increased risk, it is likely that sepsis will become an even greater problem as the population ages. We do not fully understand the pathogenesis of sepsis and there is no specific treatment. Therefore, it is important to recognize it early, so that supportive measures which have been shown to be successful may be implemented as soon as possible.
The original model for sepsis was the immune response to endotoxin, a lipopolysaccharide (LPS) found in the cell walls of Gram-negative bacteria 4 . Endotoxin is an excellent example of a pathogen-associated molecular pattern (PAMP). Innate immune cells such as macrophages have receptors that recognize different types of PAMPs 5 . Toll-like receptors (TLRs) and lectin receptors on the cell surface recognize a variety of bacterial substances in the extracellular space. In fact, the receptor for LPS was the first TLR found in mammals. Other types of receptors in the cytoplasm recognize bacterial peptidoglycans and/or nucleic acids. When engaged by bacterial ligands, these receptors stimulate macrophages to produce tumor necrosis factor (TNF), interleukin-1b (IL-1b) and IL-6. These three pro-inflammatory cytokines produce a systemic inflammatory response which is characteristic of early sepsis, and for many years physicians believed that sepsis essentially represented an unusually robust reaction on the part of the innate immune system to a bacterial infection.
A consensus conference in 1991 defined ''sepsis'' as the combination of an infection with two or more features of what was called the ''systemic inflammatory response syndrome'' (SIRS): altered body temperature, elevated pulse rate, elevated respiratory rate and abnormal white blood cell count 6 . An update to that original definition, published in 2003 7 , expanded the criteria to include other signs and symptoms commonly seen in critical illness (Table 1 ). In addition, the update recommended that physicians make the diagnosis of sepsis when infection is strongly suspected, even if documentation is lacking. This change reflected the fact that it was often very difficult to identify an infection in patients based on characteristic clinical signs and symptoms, which made the use of the earlier definition problematic. It also highlighted the fact that most of the clinical features of sepsis are similar regardless of the nature of the infection. In septic patients, it appears that the immune response, not the inciting microorganism, is the problem.
Most investigators credit Dr Roger C. Bone with the recognition that there was more to sepsis than the exuberant hyper-inflammatory SIRS 8 . Bone helped to stress the importance of a ''compensatory anti-inflammatory response syndrome'', which he called CARS 9 , that often follows the hyper-inflammatory phase, especially in patients who develop what is called ''severe'' sepsis ( Figure 1) . In severe sepsis, evidence of widespread organ dysfunction is also present. This may include lung, liver and/or kidney injury, as well as cognitive impairment. So-called septic shock, in which patients suffer cardiovascular collapse and often are unresponsive to fluid resuscitation and vasopressor therapy, is often the terminal event of severe sepsis.
The cause of the organ failure in severe sepsis is unknown, but it resembles the multiple organ dysfunction syndrome (MODS) seen in patients who survive serious traumatic injury 10 . Many investigators now consider both sepsis and post-traumatic MODS to represent the same stereotypical immunologic response to a severe insult. In this paradigm, the innate immune system initially generates a pro-inflammatory state in response to PAMPs, or in the case of tissue injury, in response to similar molecules called damage-associated molecular patterns (DAMPs) that are derived from damaged host cells. In most patients, this pro-inflammatory response is self-limited, even in the absence of effective treatment. But, in patients who develop sepsis, the response is exaggerated (or ''hyper-inflammatory'') and leads to a compensatory downregulation of the immune system. It is not clear why this happens in some patients and not others. A major risk factor appears to be some degree of pre-existing immune dysfunction. For instance, elderly patients (who usually have some degree of immunodeficiency) and immunosuppressed patients both have a higher incidence of sepsis, as well as a higher mortality rate. Some other underlying factor or genetic predisposition may also be involved. This subject has been recently reviewed by Chung and Waterer
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. As the paradigm of sepsis pathogenesis has evolved over time and as different therapeutic approaches to sepsis have been tried, different biomarkers have been used for diagnosis of sepsis and monitoring of treatment. The initial focus in the 1980s was on the early hyper-inflammatory phase, and highdose corticosteroids were an important component of sepsis treatment 12 . TNF, IL-1b and IL-6, the three pro-inflammatory cytokines that produce SIRS, as well as C-reactive protein (CRP), a well-established member of the group of proteins whose synthesis in the liver is up-regulated by IL-6, were all investigated as potential biomarkers. In the 1990s, investigators discovered that the levels of procalcitonin (PCT), the precursor of the hormone calcitonin, were elevated in patients with bacterial infection, and it emerged as another potential biomarker 13 . Elevations of both CRP and PCT were added to the updated definition of sepsis in 2003. Then, in the early part of the past decade, studies of intensive ''goal-directed'' treatment of severe sepsis and septic shock used elevated lactate levels to guide therapy 14 , and obtaining a lactate level when monitoring patients at risk of developing sepsis became standard practice. Recently, as therapies targeting the antiinflammatory phase of sepsis have begun to enter into clinical trials 15 , novel biomarkers that attempt to detect changes associated with the down-regulation of the immune system have also been studied.
No single biomarker of sepsis may be ideal, but many are helpful in terms of at least identifying critically ill patients who need more careful monitoring so that the condition may be diagnosed and treated as soon as possible. This review will discuss all the major types of biomarkers of sepsis which have been proposed, and will try to place them within the context of both the different stages of sepsis and the targeted therapeutic approaches.
Pro-inflammatory cytokines as markers of the hyper-inflammatory phase of sepsis TNF, IL-1b and IL-6 are the cytokines that mediate the initial response of the innate immune system to injury or infection. TNF and IL-1b both activate endothelial cells, attracting circulating polymorphonuclear leukocytes (PMNs) to the site. They also enter the circulation, causing fever and other systemic symptoms. IL-6 enhances the liver's production of the so-called acute phase reactants, including CRP, and also stimulates a shift in the production of cells in the bone marrow so that more PMNs are produced. Therefore, these three cytokines are essentially responsible for the features of SIRS and could be potentially useful as biomarkers of sepsis ( Figure 2 ). TNF and IL-1b levels are both elevated in endotoxinrelated Gram-negative sepsis. Indeed, administration of TNF (or IL-1b) to experimental animals is as effective as endotoxin itself in terms of inducing septic shock 16 . However, the pretreatment TNF level does not appear to affect outcome in clinical trials that use anti-TNF antibody therapy 17, 18 . Levels of IL-1b are not elevated to the same degree as TNF 19 , and the role of IL-1b, the related IL-1a, and the naturally occurring IL-1 receptor antagonist in the development of sepsis remains somewhat controversial 20 . For these reasons, neither TNF nor IL-1b has emerged as a major biomarker for sepsis.
Of the three major pro-inflammatory cytokines, IL-6 has received the most attention. It is more reliably measurable in plasma than the other two cytokines, and it also has other potential clinical uses, such as diagnosis and management of autoimmune rheumatic disorders. Unlike TNF and IL-1b, immunoassays, including some designed to be performed at the patient's bedside, are commercially available 21 . However, like TNF and IL-1b, IL-6 is not specific for sepsis, and its major role as a biomarker of sepsis appears to be prognostic, not diagnostic. Numerous studies have shown that elevated levels of IL-6 in septic patients are associated with an increase in mortality [22] [23] [24] . This has been demonstrated even more powerfully in a mouse model of acute septic peritonitis (cecal ligation and puncture, or CLP) in which IL-6 levels not only predict survival, but also are able to target those mice that could benefit most from treatment 25 . Thus, IL-6 meets one of the desired attributes of an ideal biomarker of sepsis because it may be able to identify those patients with sepsis who are at increased risk of developing severe sepsis, and who therefore need supportive therapy.
Another group of pro-inflammatory cytokines which have been investigated as biomarkers of sepsis are the chemotactic cytokines called chemokines. Although the classification of chemokines is based on the arrangement of their aminoterminal cysteine residues, there are two major types, based on function 26 . Homing chemokines help to organize the adaptive immune system, especially in secondary lymphoid tissue, while inflammatory chemokines attract PMNs and monocytes to sites of inflammation and enhance their movement through the blood vessel wall. Therefore, many inflammatory chemokines are potential biomarkers of sepsis, and some have been shown to be superior to IL-6. These include the chemokine IL-8 for diagnosis of sepsis 27 and monocyte chemoattractant protein (MCP-1) for prediction of sepsis mortality 28 . Although it promotes inflammation by attracting monocytes to sites of injury or infection, MCP-1 may also promote the synthesis of IL-10, an antiinflammatory cytokine discussed below. As such, MCP-1 may represent a key element in the evolution of sepsis from the pro-inflammatory phase to the immunosuppressive phase.
PCT and CRP as biomarkers of sepsis PCT and CRP are both proteins produced in response to infection and/or inflammation. They are probably the two most widely used clinical tests to diagnose and manage patients with sepsis, with the exception of lactate. CRP is a well-established biomarker of infection and inflammation 29 . It is one of a group of acute phase reactants mentioned previously -proteins whose synthesis in the liver is up-regulated by IL-6. Some of these proteins play a supportive role and enhance inflammation (e.g. complement), while others appear to protect the host from inflammatory tissue injury (e.g. protease inhibitors). CRP's role during acute inflammation is not entirely clear. It may bind the phospholipid components of microorganisms (and damaged host cells), facilitating their removal by macrophages. Because the levels of CRP rise much more significantly during acute inflammation than the levels of the other acute phase reactants, the test has been used for decades to indicate the presence of significant inflammatory or infectious disease, especially in pediatrics 30 and, more recently, as a biomarker of the inflammation that accompanies atherosclerosis and cardiovascular disease 31 . Although its low specificity may be its primary drawback as a biomarker of sepsis in adults, it is commonly used to screen for early onset sepsis (occurring during the first 24 h of life) because its sensitivity is generally considered to be very high in this setting 32 . CRP is also often used to monitor patients after surgery; levels are typically elevated compared to pre-operative levels, but they fall quickly unless post-operative infection is present 33 . Pentraxin 3 (PTX3) is another protein with structural similarity to CRP, which may be produced primarily by inflammatory cells rather than the liver. Like CRP, elevated levels of PTX3 have been shown to correlate with the severity of sepsis 34 . However, it is also elevated in non-infectious inflammatory disorders and therefore offers no advantage over CRP.
The widespread availability of PCT immunoassays in the past several years may have somewhat lessened the importance of CRP as a biomarker of sepsis. PCT is the precursor of mature calcitonin, a hormone with no significant physiological effect in humans, but capable of reducing plasma calcium levels when administered pharmacologically. In the early 1990s, investigators discovered elevated PCT levels in patients with invasive bacterial infection 35 . Subsequent studies have shown that many tissues throughout the body, not just cells at the local site of infection, produce PCT 36 , and that PCT is part of the systemic response that leads to severe sepsis 13 . Like CRP, PCT may also have pro-inflammatory effects 37 . PCT has been recommended by an expert panel as a useful test in critically ill patients who develop new fever 38 , and most commercially available PCT assays have been approved by the US Food and Drug Administration (FDA) specifically as an aid to assess the risk, on their first day of admission to an intensive care unit, of critically ill patients progressing to severe sepsis.
Over the past decade, numerous studies have investigated the diagnostic usefulness of PCT, usually comparing it with CRP. Initially, PCT was found, not surprisingly, to be more sensitive and specific than CRP for bacterial infection 39 , and a number of recent studies have demonstrated that it may be helpful in predicting the results of blood cultures in critically ill patients [40] [41] [42] . Whether PCT is more sensitive and specific than CRP for the diagnosis of sepsis, however, is still being debated. Although there have been scores of reports comparing the two markers, differences in patient populations and cut-offs used, and other factors, have prevented any clear consensus from being reached.
The only large meta-analysis of published investigations comparing PCT and CRP for the diagnosis of sepsis, as opposed to the diagnosis of bacterial infection, was reported by Uzzan et al. 43 . These authors collected 49 studies, of which 15 assessed both PCT and CRP simultaneously. Their conclusion was that both tests performed effectively, although the global odds ratio for PCT (14.69) was significantly higher than that for CRP (5.43). The Q value was also higher for PCT than for CRP (0.78 versus 0.71). In 2010, as part of a smaller meta-analysis, Yu et al. 44 identified nine trials which compared PCT and CRP, all for the diagnosis of late-onset neonatal sepsis. Four of the studies required documentation of infection and, in these, pooled sensitivity for PCT was higher than that for CRP (72% versus 55%, p50.05); the authors commented that this might be attributed to the fact that PCT levels probably rise earlier than CRP in neonatal infection. Pooled specificity, odds ratio and Q value were also higher for PCT, but without statistical significance. In five trials evaluating the two biomarkers that did not require evidence of infection, overall accuracy for PCT was higher but, again, without statistical significance. In 2011, a meta-analysis of a small number of reports comparing the two biomarkers in burn patients could not show superiority of one over the other 45 . A meta-analysis of studies looking at the ability of PCT to diagnose sepsis without comparison to CRP was published in 2007 by Tang et al 46 . These investigators collected 672 reports, of which 18 were considered suitable for analysis. The high rate of rejection was primarily due to the fact that they eliminated all studies that did not provide evidence of infection in the septic patients. Because it is now generally accepted that detection of bacteremia is not a prerequisite for making the clinical diagnosis of sepsis, the rejection of such studies has been raised as a major criticism of their conclusion that PCT cannot accurately distinguish sepsis from SIRS in critically ill patients 47 . Nonetheless, despite many favorable clinical studies and a specific indication approved by the FDA, several issues regarding the use of PCT in the stratification of patients at risk of developing severe sepsis remain to be resolved.
Although much less likely than CRP to be elevated in patients with systemic inflammation but without sepsis, elevations of PCT are not as specific for infection as was once believed. This biomarker may be elevated in a number of disorders in the absence of infection, especially following trauma 48, 49 . Therefore, one common cut-off for the diagnosis of sepsis (or risk of sepsis) is probably not feasible. For instance, the PCT cut-off used to determine the risk of sepsis appears to be higher in critically ill patients admitted to intensive care units from the surgical service than in those admitted from the medical service 50 . Such observations bolster the view that the condition we call sepsis may represent a stereotypical response on the part of the immune system to injury of any kind, whether infectious or not.
Another problem with most clinical studies of PCT's accuracy for the diagnosis of sepsis may be the fact that most correlate PCT levels on admission to the intensive care unit either with the subsequent diagnosis of sepsis or with overall mortality. PCT levels may vary early during the development of sepsis and the test's predictive power is probably only significant later in the patient's course 51, 52 . Consequently, although low levels may be helpful in ruling out the risk of sepsis because of a high negative predictive value, initially elevated levels in critically ill patients may be misleading. Several studies have tried to address this problem by monitoring PCT levels over time, looking for trends that may be more predictive than the single initial level on admission. The most comprehensive of these was a large randomized trial, called the Procalcitonin and Survival Study (PASS).
This trial tested whether knowledge of PCT levels in patients being monitored in a critical care setting resulted in earlier detection of sepsis as well as more effective treatment. Unfortunately, the results did not support the use of PCT results in this manner, and, ironically, the patients in the PCT group had a longer hospital stay 53 . The authors of this study initially speculated that the greater exposure to broadspectrum antibiotics observed in patients with elevated PCT levels may have been harmful, and they have recently reported that renal function was, indeed, compromised to a greater degree in this group 54 . PCT elevations alone should probably not lead to aggressive treatment of critically ill patients, especially if the treatment consists primarily of adding broadspectrum antibiotics. This observation is interesting because decreasing PCT levels are currently being investigated as a tool to determine whether antibiotics may be discontinued in hospitalized patients being treated for specific infections. A meta-analysis reviewing the large number of clinical trials that have been conducted to validate PCT's role in antibiotic stewardship programs was recently published by Scheutz et al. 55 . In the future, this may turn out to be the major utility of PCT as a laboratory test.
Biomarkers of complement proteins in sepsis
Complement proteins enhance phagocytosis of microorganisms by opsonizing their surfaces with a fragment of complement protein 3 (C3) called C3b. Activation of the complement cascade also produces pro-inflammatory peptides such as C5a, a cleavage product of complement protein 5. There is considerable evidence that complement has a role in promoting the inflammatory state in sepsis, and the focus has been on C5a as a potentially useful biomarker. In the CLP mouse model of sepsis, all three complement pathways (classical, lectin and alternative) are activated with downstream elevations in the level of C5a 56 . Elevated levels of C5a have also been shown to be present in patients with severe sepsis 57 . Although most clinical laboratories measure overall complement activity (CH50) as well as the levels of major complement proteins such as C3 and C4, these are not terribly helpful in most situations in which complement activation occurs because these complement proteins are acute phase reactants. Low levels of these proteins will be observed only when the degree of complement consumption overwhelms the liver's ability to produce them. There are commercially available assays for C5a, which have been utilized in the diagnosis of autoimmune inflammatory disorders 58 , but these are not widely used and, at the current time, there does not appear to be a major role for monitoring C5a as a biomarker of sepsis. The role of C5a in sepsis is also complicated because, like the chemokine MCP-1 described above, C5a may have both pro-inflammatory and anti-inflammatory effects during the development of sepsis. For instance, C5a binding by activated PMNs appears to suppress important innate immune functions such as phagocytosis and the respiratory burst 59 . This effect appears to be mediated by the internalization of surface C5a receptors 60 .
Biomarkers of activated neutrophils and monocytes in sepsis
As previously mentioned, one of the effects of the elevated levels of the pro-inflammatory cytokine IL-6 is increased production of PMNs by the bone marrow. Depending on the level on inflammation, this stimulation may also cause PMN precursors to leave the bone marrow before they have completely matured. Either an increase in the total number of circulating PMNs or an increase in the percentage of immature forms is one of the criteria for SIRS. Circulating PMNs in patients with sepsis are also already activated by cytokines, and this activation results in changes in their appearance. Toxic granulations represent increased concentrations of antimicrobial compounds in the primary granules, and Döhle bodies are aggregates of endoplasmic reticulum; both are markers of PMN activation in bacterial infection 61 . Activation of PMNs may be detected even earlier by analyzing the levels of certain cell differentiation molecules on the PMN cell surface, using quantitative flow cytometry ( Figure 3) . The focus has primarily been on CD64, a highaffinity receptor for the Fc portion of the immunoglobulin molecule, although other activation markers have also been examined as biomarkers of sepsis.
In the 1990s, investigators observed that cell-surface expression of CD64, which is negligible in resting PMNs, was increased in infection 62 . Over the past several years, there have been a number of studies looking at the ability of PMN CD64 expression to detect the presence of infection and/or the presence of sepsis. Elevated CD64 identified sepsis in a small study of critically ill adult patients with a sensitivity comparable to PCT but with better specificity 63 . Also, quantitative CD64 expression was shown to correlate with the progression of sepsis to severe sepsis in another small study of critically ill adult patients 64 . One recent study found CD64 to be somewhat less sensitive for sepsis than had been previously reported 65 , but this study has been criticized for delaying the measurement by flow cytometry for up to 36 h 66 . CD64 does appear to be stable in anti-coagulated blood specimens 67 , so the reason for this discrepancy is still not clear.
A recently reported large prospective study of CD64 in a neonatal intensive care unit provides significant support for the use of this marker in this setting. Over a thousand sepsis evaluations were performed on over 700 infants with a low prevalence of sepsis (5%). Most of the cases were lateonset sepsis and, in this population, elevated CD64 expression demonstrated a sensitivity of 75% and a specificity of 77%, using the optimal cut-off 68 . It is likely that this test will receive more widespread acceptance, especially because it is available on some of the automated hematology analyzers used to measure the total WBC count, a commonly ordered test in sepsis evaluations.
The expression of the integrin CD11b, which enhances the ability of neutrophils to adhere to the endothelium in sites of inflammation, is also increased in bacterial infection, and some have proposed the use of both CD64 and CD11b together to diagnose sepsis 69 . Several other neutrophil activation markers have been investigated as potential biomarkers of sepsis but they have been measured in plasma by immunoassay, either as soluble versions of the cell-surface proteins or because the proteins are released during degranulation. Most of these have been investigated in experimental models of sepsis and reports of their usefulness in clinical settings are limited.
The best studied is probably the triggering receptor expressed on myeloid cells-1 (TREM-1). TREM-1 is a member of the immunoglobulin superfamily which, like CD64, is up-regulated when PMNs are exposed to bacteria 70 . However, clinical studies of the ability of the soluble form of TREM-1 to reliably identify patients with sepsis have not been promising 71 . A recent report in which soluble TREM-1 predicted poor survival in ED patients more accurately than either PCT or CRP may renew interest in this biomarker 72 . 73 . It alters endothelial cytoskeletal structure and induces disassembly of the intercellular junctions, enhancing the ability of the PMNs to pass through the endothelial cell barrier. One study showed it to be an excellent predictor of the severe edema and vascular collapse seen in severe sepsis 74 . This would make HBP an excellent biomarker for severe sepsis, but there has not been any significant follow-up to these initial reports.
Activation markers such as CD64, CD11b and TREM-1 are also expressed on monocytes. However, investigation of monocyte activation markers as potential biomarkers of sepsis has focused on the soluble form of the receptor for advanced glycation end-products (RAGE). Just as the receptor for endotoxin is an excellent example of a PAMP receptor, RAGE may be considered the prototype of a DAMP receptor. Although originally believed to be specific for oxidized crosslinked glycated protein (hence its name), it appears to also be able to bind a large variety of DAMPs. These include highmobility group box 1 (HMGB1), a non-histone DNA-binding protein and other proteins released by necrotic, but not apoptotic, cells 75 . In 2008, detection of elevated circulating soluble RAGE (sRAGE), produced by either alternative splicing or proteolytic cleavage of the extracellular domain of the membrane receptor, was able to predict survival in severe sepsis 76 . Recently, elevated sRAGE levels were similarly predictive of poor survival in patients with community-acquired pneumonia 77 . There is controversy about the potential use of sRAGE as a biomarker of sepsis in patients with pneumonia, however. Lung alveolar type 1 cells normally express high levels of RAGE and, therefore, sRAGE levels may be elevated in pulmonary infection in the absence of sepsis 78 . The TLR on the surface of macrophages and monocytes that recognizes endotoxin requires the assistance of another membrane-bound protein, CD14, as well as an acute phase reactant (lipopolysaccharide-binding protein or LBP) which facilitates endotoxin binding to CD14. Although several studies have shown that elevated levels of LBP can identify patients with infection, at very elevated concentrations this protein effectively neutralizes LPS, and may even be antiinflammatory 79 . Therefore, LBP may be less discriminating than other biomarkers with regard to risk of developing severe sepsis 80 . Recently, however, there has been interest in measuring a soluble form of CD14 as a biomarker of sepsis. Soluble CD14 levels were shown to be comparable to PCT for diagnosis of bacterial infection 81 and correlated with the degree of severity in septic patients 82 .
Detection of infectious organisms and their products in sepsis
If sepsis is defined as SIRS in a patient with infection, then the ultimate biomarker would be the identification of the microorganism responsible. This would not only confirm the diagnosis; it would also provide a specific target for therapy.
Despite the fact that sepsis may represent an unusual response to infection which might not be successfully treated by eradicating the microorganism, many have searched for ways to better detect the presence of pathogens in critically ill patients at risk of developing sepsis. Blood cultures to detect bacteremia are the mainstay of such attempts when patients do not display localizing signs or symptoms. The presence of SIRS has been shown to increase the likelihood that the blood culture will be positive 83 but, as has been noted above, blood cultures are often negative in patients with clinical sepsis. Many approaches to the detection of bacteremia by amplifying specific target nucleic acid sequences using polymerase chain reaction (PCR) or other techniques have been applied to both blood culture bottles and patient blood samples 84 . These include real time multiplexed PCR systems designed to detect the most frequently observed bacteria (and fungi) in patients with sepsis, as well as amplification of universal 16S and 18S ribosomal ribonucleic acid (RNA) followed by sequencing of the amplification target. In a prospective study of severe sepsis in a surgical intensive care setting, PCR techniques identified approximately twice the number of positive specimens compared with conventional blood culture 85 . This approach has promise but it will be important to document that PCR-positive, blood culture-negative specimens are not false positives by correlating the results with other clinical data 86 . PAMPs produced by microorganisms and DAMPs released during tissue injury have themselves been investigated as biomarkers of sepsis. During the past decade, endotoxin, the classic PAMP, has been studied in patients with critical illness and sepsis using a unique immunoassay approach, which is easier to perform than the traditional test that relies on coagulation of the hemolymph of the horseshoe crab. An antibody to a conserved lipid moiety forms immune complexes in the patient's whole blood with any endotoxin present, and these interact with the patient's neutrophils to produce an oxidative burst response that is measured by chemiluminescence 87 . In 2004, a large observational study showed that endotoxin was present in more than one-half of all patients admitted to intensive care units on the day of their admission, despite the fact that only a small number had documented bacterial infection. Approximately, 10% of the patients in this study developed severe sepsis, and the level of endotoxin was a significant risk factor 88 . This observation has been confirmed by several subsequent studies, although the utility of the endotoxin assay in patients who do not have documented gram-negative bacterial infection or who have only intermediate levels of endotoxin is unclear. The addition of other biomarkers, such as PCT, may be necessary to reliably identify risk in such patients 89 . HMGB1 is elevated in most patients with severe sepsis 90 . However, there have been discrepancies in several reports which have correlated levels with organ dysfunction using Sequential Organ Failure Assessment (SOFA) scores, and there is a consensus that HMGB1 levels do not offer any helpful prognostic information with regard to survival 91 . Another important category of DAMP is a group of S100 proteins, called calgranulins or myeloid related proteins, that are expressed on myeloid cells and form heterodimers when released from damaged neutrophils during inflammation. Despite the fact that mice deficient in these proteins show enhanced survival in an experimental model of abdominal sepsis, and the observation that blood levels of these proteins are elevated in patients with sepsis 92 , there is not yet any significant evidence that they are clinically useful as biomarkers of sepsis.
Biomarkers of the immunosuppressive phase of sepsis
Bone recognized the importance of CARS, which follows the hyper-inflammatory state in septic patients, more than 15 years ago 12 . Recently, several biomarkers of the immunosuppressive phase of sepsis have received considerable attention ( Figure 4) .
The earliest sign of dampening of the immune response, in both patients with sepsis as well as patients who survive severe traumatic injury, is a reduction in the expression of the Class II major histocompatibility complex (MHC) proteins (HLA-DR) (HLA, human leukocyte antigen) on the surface of macrophages and other antigen-presenting cells. These proteins display peptides derived from phagocytized protein to T-cells. If recognized by the T-cell's unique antigen receptor, and the appropriate ''second signal'' is also transmitted via co-stimulatory molecules, T-cell activation occurs. Clinical studies have focused on monocyte HLA-DR expression, which is markedly suppressed in most patients with sepsis at onset but recovers within ten days in survivors 93 . As mentioned, it may also be suppressed after major trauma, and the failure of levels to return during the first week of hospital stay is an accurate predictor of the development of sepsis in these patients 94 . Low levels of HLA-DR expression predict poor survival 95 as well as increased risk of nosocomial infection 96 . Autopsy studies by Hotchkiss et al. 97 demonstrated that patients who died of severe sepsis had significant depletion of T-cells and B-cells in the spleen, and these investigators have recently extended these studies using spleen tissue harvested immediately after death from patients with active severe sepsis 98 . Compared with control spleens, the number of T-cells was markedly reduced and the T-cells of the patients who died of sepsis also produced significantly lower levels of cytokines when stimulated. The exact cause for the loss of T-cells in severe sepsis through apoptosis is not known. However, just as HLA-DR expression on monocytes is decreased, clinical studies of T-cells clearly demonstrate that patients with sepsis have increased expression of the negative co-stimulatory molecule CTLA-4 (cytotoxic T lymphocyte-associated antigen-4) 99 as well as another molecule associated with T-cell apoptosis, PD-1 (programmed death-1) 100 . Normally, T-cells express a positive co-stimulatory molecule called CD28. When the T-cell antigen receptor (TCR) recognizes antigen in the context of the antigenpresenting cell's Class II MHC, simultaneous engagement of CD28 by a molecule called B6 on the antigen-presenting cell delivers the ''second signal'' that activates the T-cell. Decreased expression of CD28 and enhanced expression of the alternative ligand CTLA-4 (also called CD152) tends to promote apoptosis rather than activation 99 . This effect may be mediated by T-regulatory cells 101 . The clinical usefulness of measuring the anti-inflammatory cytokine IL-10, which inhibits the expression of both Class II MHC and co-stimulator molecules, and TGF-b (TGF, transforming growth factor), which suppresses T-cell proliferation, has been examined. Elevated levels of IL-10 predict mortality in severe sepsis and have also been shown to correlate with the suppression of monocyte HLA-DR expression 102 as well as expression of PD-1 and its ligand on T-cell and monocytes, respectively 103 . IL-10 has also been reported to be an accurate biomarker for neonatal sepsis 104 but, perhaps in keeping with the studies discussed below showing IL-10 elevation soon after onset, there was no difference in IL-10 levels when early onset and late-onset sepsis were compared 105 . TGF-b, whose anti-inflammatory activity may be less relevant than its ability to promote tissue repair, has not been shown to be as useful as IL-10 in terms of identifying sepsis patients who are unlikely to survive, but it has been shown to predict the development of acute respiratory distress syndrome in septic patients 106 . It may be too early to predict which of these new biomarkers of the immunosuppressive phase of sepsis will be useful clinically. There is little information in the literature regarding the time course of these changes, their ability to predict survival, and how effectively they may be utilized in support of novel therapies targeting negative co-stimulatory molecules.
Biomarkers of organ dysfunction in sepsis
A variety of well-established routine laboratory tests help physicians assess whether end-organ dysfunction has advanced the patient's clinical status from sepsis to severe sepsis. Some of these are included in physiological scoring systems, such as APACHE (acute physiology and chronic health evaluation) and SOFA, used to gauge the degree of critical illness in hospitalized patients. Elevated bilirubin and creatinine levels indicate liver and kidney dysfunction, respectively. However, the most widely utilized biomarker indicating organ dysfunction is the blood lactate level.
Glucose is metabolized to pyruvate anaerobically and, in most tissues, pyruvate is further oxidized in the mitochondria. In the absence of adequate oxygen, however, mitochondrial metabolism is compromised. When this occurs, cells form lactate from pyruvate in order to regenerate the co-factor nicotinamide adenine dinucleotide (NAD) required for upstream anaerobic glycolysis to continue. It is commonly assumed that lactate levels rise in patients with sepsis because decreased tissue perfusion produces hypoxic organs, which then resort to anaerobic glycolysis. There is considerable evidence for vascular compromise, either due to endothelial injury, disseminated intravascular coagulation or hypotension. However, there are other explanations for the lactate elevations seen in sepsis.
Lactate is constantly being produced by red blood cells (which lack mitochondria) and by some tissues with high rates of glycolysis, even when tissue perfusion is not compromised. The liver converts much of this lactate back into glucose and oxidizes the rest. Therefore, liver dysfunction associated with sepsis may result in impaired lactate clearance 107 . Systemic inflammation also induces increased anaerobic glycolysis because the increased rate of glucose metabolism in the injured tissue often exceeds the oxidative capacity of mitochondria. Finally, the tissues of patients with sepsis appear to acquire mitochondrial dysfunction, due to some as yet unknown mechanism 108 . A recent comparison of patients with septic shock who either did or did not have elevated lactate levels seems to support the idea that some other factors may be responsible for lactate production in sepsis 109 . Although most hospitals that utilize lactate as a screen for sepsis use a cut-off of 4.0 mmol/L (with a reference range of approximately 52.0 mmol/L), recent studies have indicated that this may be too high. In a retrospective cohort study of ED patients with severe sepsis, investigators showed that hemodynamically stable patients with intermediate lactate levels (2.0-4.0 mmol/L) were also at significant risk, compared to patients with levels less than 2.0 mmol/L 110 . This observation has been confirmed in another retrospective cohort study which found that even patients with ''high normal'' (1.5-2.3 mmol/L) lactate levels had mortality comparable to patients with intermediate lactate levels (2.3-4.0 mmol/L). These findings may have implications for future stratification of patients at the risk of severe sepsis 111 . Shortly after the introduction of intensive goal-directed resuscitation of septic patients based on their initial lactate level, monitoring lactate clearance, a tool originally developed for use in trauma patients, was also utilized in sepsis patients. A low lactate clearance, based on serial measurement over the course of several hours, was shown to correlate with elevations of PCT and IL-6 as predictors of the development of sepsis in trauma patients 49 , and to be useful as a predictor of mortality in patients with severe sepsis 112, 113 . There is controversy, however, regarding the use of serial lactate measurements, rather than more conventional parameters such as central venous oxygen saturation, to determine the success of resuscitation 114, 115 . Endothelial dysfunction, whether due to systemic inflammation or some other as yet unknown mediator, is probably a major contributor to the organ dysfunction observed in severe sepsis and is obviously the cause of septic shock. A large number of biomarkers of endothelial activation, including angiopoietins, soluble adhesion molecules and endocan, have been shown to be elevated in sepsis 116 . However, it is unlikely that any of these endothelial cell biomarkers will be widely utilized until we can show that they support related novel therapies.
One major area of vascular pathology which clearly influences mortality involves the coagulation system. When the innate immune system is stimulated, regardless of the cause, the coagulation cascade is also initiated as a stereotypical response to injury 117 . Consumption of coagulation factors and platelets, coupled with inhibition of the fibrinolytic system, results in microvascular fibrin deposition which is believed to contribute to organ dysfunction due to the resultant hypoxia. A variety of clinical tests related to coagulation and fibrinolysis have been used to monitor hemostatic abnormalities associated with sepsis. Disseminated intravascular coagulation (DIC), with the deposition of thrombi throughout the microvasculature, occurs in a significant percentage of patients with sepsis and, if present, increases mortality 118 . DIC is diagnosed using a scoring system proposed by the International Society on Thrombosis and Hemostasis, which includes platelet count, prothrombin time, fibrinogen level and a marker of fibrin formation. The most commonly utilized fibrin-related marker has been the assay for D-dimer. This immunoassay uses antibodies that recognize the fibrin fragment containing cross-linked ends of the fibrin monomers (called D-dimer because the two globular ends of the monomer are termed the ''D'' domains). DIC scores using D-dimer predict sepsis severity and survival 119 . Although the reason for the high prevalence of DIC in patients with sepsis is not well-understood, attention has focused on the down-regulation of a natural inhibitor of the coagulation cascade, thrombomodulin, on the vascular endothelial surface 120 . In the absence of this regulatory protein, which binds thrombin and activates protein C, the procoagulant factors Va and VIIIa are not inhibited. This failure to impede coagulation led to the development of the only specific pharmacologic agent for the treatment of sepsis that was approved by the FDA: recombinant human activated protein C (drotrecogin alfa, Xigris Õ Eli Lilly, Indianapolis, IN). The drug's approval in 2001 for patients with severe sepsis and a high risk of death was controversial. It was based primarily on a single randomized, controlled trial and studies conducted following its release raised concerns about its efficacy and the risk of bleeding. In 2012, the results of a large, double-blind, placebo-controlled, multicenter trial that showed no reduction of mortality in any of the subgroups tested were published 121 , and the drug was withdrawn from the market.
A relatively new area of investigation in sepsis is the study of microparticles. Different from exosomes, which are intracellular vesicles shed via exocytosis, the term microparticles usually refers to vesicles shed directly from the cell surface via blebbing. These may break down and release their contents into the immediate microenvironment or circulate and interact with target cells distant from their site of origin. Originally discovered as a platform for the interaction of tissue factor with the coagulation system, they may also play a significant role in inflammation 122 . Microparticles may mediate both systemic inflammation and DIC in sepsis. Because the endothelium may be a primary target of circulating microparticles, they may also play a role in the significant and widespread increased vascular permeability that contributes to septic shock 123 .
Multi-marker approach to the diagnosis of sepsis
No one biomarker is likely to adequately reflect the rapidly evolving nature of a potentially septic patient's status, even if monitored frequently during the course of the patient's hospital stay. This is the important lesson from the failure of PCT to provide helpful information in the PASS study, when used as a single biomarker. Several investigators have reported attempts to use a panel of biomarkers in order to better identify patients at risk. In 2007, Kofoed et al. 124 reported that the combination of three or six pro-inflammatory biomarkers more accurately identified patients with bacterial infection than any one biomarker alone. In 2009, Shapiro et al. applied this approach to the diagnosis of severe sepsis 125 . Samples from approximately 1000 patients on presentation in the ED were used to try to predict outcome 72 h later. The rate of development of severe sepsis was 52%, while the mortality rate of septic patients was 12%, compared to 0.9% for patients who did not develop sepsis. Using multivariate logistic regression, the investigators narrowed an initial list of over 150 different biomarkers to a panel of nine, and then found three which, combined into a ''sepsis score'', best predicted the onset of severe sepsis.
Surprisingly, this panel of three biomarkers did not include any of the traditional ones previously utilized for the diagnosis of sepsis (or, for that matter, discussed in this review). The three best predictors were the antagonist of the IL-1 receptor (IL-1ra), protein C and neutrophil gelatinaseassociated lipocalin (NGAL). Each is plausible as a potential biomarker of sepsis, either as an anti-inflammatory protein (IL-1ra), an important component of the coagulation scheme (protein C), or a marker of organ injury (NGAL). However, it would have been difficult to predict that levels of these three biomarkers would perform better than traditional biomarkers. A similar bioscore, utilizing the results of three more traditional biomarkers (PCT, CD64 and sTREM-1) has also been proposed 66 .
Perhaps the best panel of biomarkers for the diagnosis of sepsis, or for estimation of the risk of developing severe sepsis, will include both pro-inflammatory and anti-inflammatory markers. The immunosuppressive state that follows the hyper-inflammatory state in sepsis certainly explains why many patients develop nosocomial infections with opportunistic bacteria and/or reactivation of latent viral infection. But does the immunosuppression also cause the multiple organ dysfunction and, if so, how? Is the immunosuppressive state truly compensatory, meaning that somehow the immune system is trying to correct for the earlier exaggerated response? It is likely that novel therapies aimed at enhancing restoration of immunocompetency in patients with sepsis will require a better understanding of this sequence of events. Although it is usually described as the roller coaster of SIRS followed by CARS (illustrated in Figure 1) , there is experimental and clinical evidence that the seeds of the down-regulation of both innate and adaptive immunity are sown relatively early while the pro-inflammatory phase is ascendant.
Analysis of cytokine production in the CLP model of sepsis shows that both pro-and anti-inflammatory cytokines are elevated early on and that both may help predict outcome 126 . This observation has been confirmed in studies of human patients with sepsis as well. For instance, in a cohort study of almost 2000 patients with community acquired pneumonia in whom 30% developed severe sepsis and 26% died, elevated cytokine levels were present in the majority of the patients (82%) at presentation to the ED. Cytokine levels were highest in those patients who died of severe sepsis and the pattern associated with the highest risk of death was marked elevation of both the pro-inflammatory cytokine IL-6 and the anti-inflammatory cytokine IL-10 127 .
A similar significant association between early elevation of IL-10 and development of severe sepsis was found in critically ill hospitalized patients 128 . We also know that the loss of cell-surface HLA-DR on circulating monocytes occurs very early and that the transition to severe sepsis is characterized, not by the loss of HLA-DR expression, but by its failure to return to normal 129 . Gene expression profiling of patients, using RNA extracted from circulating PMNs and oligonucleotide microarrays, tends to support a more sequential process. Although there is an enhanced expression of pro-inflammatory cytokine genes in both early and severe sepsis, enhanced expression of antiinflammatory cytokine genes, such as IL-10 and TGF-b, was seen only in severe sepsis 130 . Also, pathway analysis of the transcriptome studies confirms a pattern of immunosuppression of the adaptive immune system primarily in patients with severe sepsis. Expression of nuclear factor-kB, a transcription factor important for the activation of T-cells and B-cells, was diminished and expression of its inhibitor was enhanced in patients with sepsis, but not SIRS 131 . This discrepancy between the sequential model originally proposed by Bone and what might be called the concurrent model ( Figure 5 ) suggested by van der Poll and van Deventer 132 needs to be addressed. Finally, the model usually ascribes survival to some event during the immunosuppressive phase that allows immune function to return to normal 133 . What is this event, and what factors contribute to it? A marker or, more likely, a panel of markers which could identify those patients who are moving from the hyper-inflammatory state to the anti-inflammatory state of sepsis could help identify patients who would benefit from novel therapies designed to restore immune function.
Recently, at least two studies have attempted to combine pro-inflammatory and anti-inflammatory markers. AndaluzOjeda et al. 134 utilized an automated multiplexed immunoassay approach to simultaneously measure almost 20 different cytokines in approximately 30 patients with severe sepsis. Levels of IL-6 and IL-8 (both of which can be considered proinflammatory), as well as IL-10 and MCP-1 (both of which can be considered anti-inflammatory) were all higher in patients who died (mortality rate was 59%), and a combined score was more predictive than any one cytokine, whether or not the hazard ratio was adjusted for the APACHE score. Gouel-Cheron et al. 135 combined monocyte HLA-DR expression using flow cytometry with IL-6 and IL-10 levels by immunoassay in 100 trauma patients admitted to the intensive care unit; 37% developed sepsis, but mortality was low (and probably not very different from patients who did not develop sepsis). In this study, plasma IL-10 was not measurable but the combination of a lack of increase in monocyte HLA-DR expression and elevated IL-6, after adjustment for the degree of trauma, was a powerful predictor of the development of sepsis, more than doubling the odds ratio of either biomarker alone. This approach, in which markers of the hyperinflammatory state are combined with markers of the anti-inflammatory state, is the one most likely to succeed in predicting the onset of severe sepsis in future studies.
Conclusion
Rory Staunton was a 12-year-old boy who grew up in Queens in New York City. During gym class on Wednesday, March 28, 2012, he dove for a basketball and scraped his arm. He did not think much of it but, later that night, his leg began to hurt. Waking up on Thursday, March 29, he felt weak and nauseous. His mother took his temperature and, when she saw that it was 104 F, she called the family's pediatrician who saw Rory in her office that afternoon. The doctor was concerned because Rory had vomited in the pediatrician's waiting room and his temperature was still very elevated. The pediatrician recommended that his mother take him to a nearby medical center's ED.
Rory and his parents arrived at the ED at approximately 7 pm that evening. Convinced that he probably had a viral infection of some kind, he was treated with an anti-emetic and hydrated. Blood was drawn for laboratory testing but he was discharged before the results were reported. His white blood cell count was elevated with an increase in immature band forms, but, apparently, no one made any note of these results. On the morning of Friday, March 30, Rory had a bout of diarrhea which actually reassured his parents because this had been predicted by the ED physician as part of the likely resolution of his gastrointestinal virus. However, Rory remained very weak and could not get out of bed on Figure 5 . An alternative model for the progression of sepsis to severe sepsis proposes that the CARS begins while the pro-inflammatory SIRS is still present. Understanding the interplay of these opposing features may help investigators discover the pathogenesis of the organ dysfunction that occurs in patients who develop severe sepsis (and die).
his own. Later that day, part of his body appeared mottled and dark. His parents called the pediatrician, who urged them to bring him back to the medical center. He was admitted to the intensive care unit that evening with signs and symptoms of severe sepsis, almost certainly in response to the introduction of bacteria when he scraped his arm on the gymnasium floor two days earlier. On Sunday, April 1, four days after this apparently minor trauma, he died of cardiac arrest.
In the hope that telling this story would help prevent other young children from experiencing the same fate, Rory's parents shared his medical records with a reporter for the New York Times who was a family friend. The newspaper published the story in July 2012 136 . Subsequently, the medical center developed a new checklist to ensure that a doctor and nurse conducted a final review of all relevant vital signs and laboratory results before a patient was discharged from the ED. News coverage of Rory's case has stimulated discussion at many hospitals across the U.S.A., and Rory's parents have started the Rory Staunton Foundation to increase awareness of sepsis.
Ultimately, the best way to recognize sepsis early is to increase awareness on the part of the physicians and nurses who initially examine patients. It is clear that, had the physician in the ED known about the elevated white blood cell count in addition to the fever, elevated pulse and respiratory rate, he or she would have recognized that Rory had SIRS. However, the focus was on his gastrointestinal complaints and the leading diagnosis was a viral infection. We do not know whether serum lactate was ordered. It is unlikely that any of the other potential biomarkers discussed in this review were ordered. Could any of these tests have helped to at least raise suspicion that Rory's illness was probably more serious than his caretakers thought? The overwhelming evidence from the literature discussed above suggests strongly that it would have.
Especially given the high negative predictive value of many of the proposed biomarkers of sepsis, we can hope that they may soon guide triage in the ED for infectious disease in a manner similar to the use of troponin for patients suspected of having acute coronary syndrome. Some markers may help physicians recognize patients with sepsis who might otherwise be overlooked. Other markers may allow physicians to admit patients at high risk of developing severe sepsis, and discharge those whose infections may be safely treated as out-patients. In one study, researchers at the University of Pittsburgh found, when evaluating community-acquired pneumonia, that patients in the lowest PCT tier (50.1 mg/L) were at low risk of septic complications, even if clinical assessment showed otherwise; this could potentially justify conservative management 137 . Biomarkers of sepsis used in this way should probably be implemented as multi-marker panels that include both proinflammatory and anti-inflammatory biomarkers. Significant work remains to identify the right combination. Although they have been effective at reducing mortality, existing supportive measures alone will probably not be enough to finally bring sepsis under control. Since most of the new innovative approaches to treating sepsis target specific biomarkers, more robust ways to measure them will help support the success of these new modes of treatment.
